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New models of TE repression in plants (speciﬁcally Arabidopsis) have suggested speciﬁc mechanisms by which TE misregulation
in hybrids might result in the expression of hybrid inviability. If true, these models suggest as yet undescribed consequences for
(1) mechanistic connections between hybrid problems expressed at diﬀerent postzygotic stages (e.g., inviability versus sterility),
(2) the predicted strength, stage, and direction of isolation between diverging lineages that diﬀer in TE activity, and (3) theassocia-
tion between species attributes that inﬂuence TE dynamics (e.g., mode of reproduction, geographical structure) and the rate at
which they could accumulate incompatibilities. Inthis paper, we explore these implications and outline future empirical directions
for generating data necessary to evaluate them.
1.Introduction
In many plants and animals, hybrid inviability (lethality) or
hybrid sterility act as postfertilization barriers to hybridiza-
tion[1].Theseincompatibilitiescanbeexplainedbynegative
genetic interactions between two or more loci under the
Dobzhansky-Muller model of hybrid incompatibility [2, 3].
The Dobzhansky-Muller model does not specify the nature
of the genetic elements that can lead to hybrid incompati-
bilities, and to date there are few cases where the loci res-
ponsible have been directly identiﬁed [4, 5]. The idea that
transposable elements (TEs) can inﬂuence hybrid sterility is
well established in Drosophila and has been highlighted in
studies of intraspeciﬁc crosses resulting in hybrid dysgenesis
[6–8]. However, since TE mobilization in hybrids between
animal species is less frequently observed than in plants
[9–11], skepticism has arisen surrounding the role that TE
movement plays in the evolution of reproductive isolation
[1, 11]. Recent epigenetic studies in plants, however, are pro-
viding evidence that a common genetic pathway, involving
siRNA regulation of transposable elements, might lead to
both hybrid inviability and hybrid sterility [12–14]. In this
paper, our goal is to examine implications of these mecha-
nistic models for the genetics and evolution of reproductive
isolation due to TE misregulation.
Transposable element suppression in somatic cellsis gen-
erally conserved among all organisms and requires three
steps [15], see Figure 1. (1) Transposon transcripts are detec-
ted by complementary small RNAs derived from previously
transcribed transposons (typically siRNAs in plants and piR-
NAs in animals). (2) These transcripts are posttranscription-
ally cleaved by small RNA-protein complexes creating small
RNAs that are ampliﬁed through an RNA-dependent RNA
polymerase. (3) These newly derived small RNAs are used to
target transposon transcripts as in step (1) or to target the
transposon sequences in the genome to induce DNA methy-
lation and repressive chromatin modiﬁcations. Slight mod-
iﬁcations to the pathway occur during regulation of TEs in
germ line cells.
Small RNA pathways have been proposed to play a role
in regulating imprinted genes and genome-wide methylation
patterns; this role may inﬂuence gene expression in hybrid
individuals. In this review, however, we will focus on TE
regulation during the development of male and female plant
gametophytes, and the consequences this could have for the
expression of postzygotic hybrid incompatibilities. First, we2 International Journal of Evolutionary Biology
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Figure 1: A general model of the siRNA pathway demonstrating the three processes observed in both plants and animals. (1) Transposon
transcriptsaredetectedbycomplementarysmallRNAsderivedfrompreviouslytranscribedtransposons.(2)Thesetranscriptsarepost-tran-
scriptionally cleaved by small RNA-protein complexes creating small RNAs that are ampliﬁed through an RNA-dependent RNA polymerase.
(3) These newly derived small RNAs are used to target transposon transcripts as in step (1) or target the transposon sequences in the genome
to induce DNA methylation and repressive chromatin modiﬁcations.
brieﬂy describe the current mechanistic models of TE regu-
lation in gametogenesis, including prior connections that
have been drawn between TE misregulation and the expres-
sion of hybrid incompatibilities, and indirect evidence for
this association in plants (i.e., Arabidopsis). Second, we dis-
cuss unexplored consequences of these emerging models for
the genetics and evolution of species barriers based on this
mechanism. Based on this, we identify several implications
of evolutionary importance: (1) TE-misregulation is a mech-
anism that can produce nonindependent accumulation of
hybrid problems at diﬀerent developmental stages of isola-
tion between species (e.g., hybrid inviability and hybrid ste-
rility). (2) Where this mechanism is an important contrib-
utor to reproductive isolation, the direction and strength of
hybrid problems should be predictable based on lineage dif-
ferences in TE abundance (“load”) and sequence identity.
(3) Factors inﬂuencing the divergence of TEs among lineages
should also inﬂuence when and where TE-mediated hybrid
incompatibilityismostlikelytobeobserved.Weidentifyem-
pirical data that will be essential to assess these inferences
in the future, and potential approaches for generating these
data. Finally, we sketch some similarities and diﬀerences bet-
ween plants and animals that could aﬀect hybrid problems
related to TEs in these groups. One of our goals is to anti-
cipate patterns of reproductive isolation that might operate
at diﬀerent stages or under diﬀerent ecological or evolutio-
nary scenarios, if TE misregulation (as described by these
mechanistic models) is an important contributor to repro-
ductive isolation.
2. MechanisticModelsofTESuppressionduring
Male and Female Gametogenesis
Recent ﬁndings have prompted Slotkin et al. [16]t op r o p o s e
a companion cell model for TE regulation in male (pollen)
gametogenesis that is similar to a model of piRNA accumu-
lation in Drosophila egg development [17]. In angiosperm
male gametes, the growing (postpollination) pollen tube
contains three nuclei; two are sperm nuclei that will be in-
volved in fertilization (see below), while one is a vegetative
nucleus that does not fuse with the maternal gametophyte
[18]. In the Slotkin et al. [16] model, the vegetative nucleus
of pollen acts as a companion cell that “sacriﬁces” itself so
that the sperm cells can maintain correct TE suppression. In
this nucleus, TEs are demethylated, increasing transcription
of elements (most that are normally somatically silenced).
These transcripts are posttranscriptionally processed, creat-
ing a pool of small RNAs. These small RNAs are transported
to the sperm nuclei where they direct methylation of TEs,
eﬀectively “resetting” the appropriate suppression of TEs in
the germline nuclei prior to fertilization. The transcription
of TEs in the pollen vegetative nucleus is initiated after the
loss of heterochromatin and MET1 (cytosine-DNA-methyl-
transferase) and DDM1 (decreased DNA methylation) pro-
teins [16], indicating an actively regulated process that is
speciﬁc to this nucleus only. The small RNAs produced in
pollen are predominantly 21-nt long and, besides transloca-
tion to the sperm cell, these small RNAs are also delivered
into the zygote and endosperm [16], leading to potentialInternational Journal of Evolutionary Biology 3
consequences for regulation, and misregulation, at postfer-
tilization stages.
Similar to pollen development, the TE-derived small
RNAs necessary for TE regulation in the female germ line
(gametophyte) are created in an adjoining cell that will not
contribute DNA to the next generation (in this case, epider-
mal cells lining the ovary) [19]. In angiosperms, the mature
female gametophyte is composed of seven cells containing
eightgeneticallyidenticalhaploidnuclei(alltheproductsofa
singleinitialmeioticproduct),surroundedbymaternal(spo-
rophytic) tissue. Two of these cells will contribute tissues to
the F1 following typical “double fertilization”: the haploid
ovule (egg) fuses with one sperm cell to give rise to the devel-
oping embryo; the doubled-haploid (2 × 1N) “central cell”
fuses with the second sperm cell to give rise to the 3N endo-
sperm—a nutritive tissue that accumulates resources post-
fertilization to support development of the embryo. During
development of the female gametophtye, small RNAs are
translocated from the “sacriﬁcial” epidermal cells into the
ovule and central cell; these act to silence TEs in the develop-
ing embryo and endosperm after fertilization [20]. Another
speciﬁc component of TE regulation, the Argonaut protein
AGO9, is also expressed in the maternal sporophytic cells,
but not in germ cells, and interacts preferentially with the
TE-derived 24-nt small RNAs to suppress TE activity in the
female gametophyte [19].
3. Connections betweenTE Misregulationand
HybridIncompatibility
Based on these emerging mechanistic details, several models
have recently been proposed connecting TE regulation and
hybrid failure. These models have focused primarily on seed
failure via misregulation of development in the endosperm
[12, 13, 21], partly because some of the most evident hybrid
incompatibility phenotypes in Arabidopsis involve endos-
perm failure in interspecies and interploidy crosses. Both
types of crosses give rise to seed collapse (inviability) due
to either overproliferation and failure to cellularize, or un-
der-proliferationandprematurecellularization,inthehybrid
endosperm [22–24]. Because these phenotypes are reminis-
cent of the examples of overgrowth in Peromyscus [25, 26],
earlier models hypothesized that hybrid failure results from
misregulation of imprinted genes. Recently, however, Mar-
tienssen [13] proposed an alternative model where mismat-
ches in small RNAs contributed by each parent are respon-
sible for endosperm failure, based on the evidence that TE
sequencesandTEabundancediﬀersubstantiallybetweenthe
A. arenosa and A. thaliana genomes [21, 27]. Martienssen
[13] suggests that if TE sequences in the central cell do not
match siRNA in the pollen or, reciprocally, if siRNA from the
female germ line do not match TE from the sperm, then TEs
will be active in the endosperm causing endosperm failure.
Martienssen’s model does not specify whether small RNAs
have to match in terms of sequence similarity or overall
quantity, as the crosses on which his model is based (A. tha-
liana by A. arenosa) potentially involve both diﬀerences in
quantity and sequence.
The idea of an interaction between male and female “fac-
tors”controllingendospermdevelopmenthasbeenusedpre-
viously in the Arabidopsis literature. For example, Josefsson
et al. [21] proposed a model—“dosage-dependent induc-
tion”—to explain endosperm failure in terms of the inter-
actions between maternal and paternal factors that they ob-
served in Arabidopsis hybrids, though they did not implicate
TE-derived small RNAs. In their model, it is the sole respon-
sibility of the maternal parent to deliver the proper number
of“repressors”tosaturatetargetsitesinthematernalgenome
as well as target sites contributed by the paternal genome. If
the total amount of repressor is insuﬃcient, both maternal
and paternal target sites will escape silencing. Conversely,
extradosesofmaternalgenomecan“rescue”anotherwisein-
compatible cross by increasing the total number of repres-
sors. This model is generally consistent with longstanding
observations in numerous species crosses, where simply
manipulating maternal dosage can alter the compatibility of
a cross (e.g., [28, 29]). The model is fundamentally diﬀerent
from the Martienssen [13] model because the male only con-
tributestargetsthatrequiresilencingbutisnotabletosilence
TEs that it contributes or that the maternal parent con-
tributes. Michalak [12] has reinterpreted the “dosage-depen-
dent induction” model in terms of small RNAs. In his exam-
ple, he assumes that if there is a diﬀerence in the deposition
of maternally loaded small RNAs between species, or if these
small RNAs diﬀer in their capabilities to suppress their tar-
gets, TEs can become active in hybrid crosses. The activation
of TEs can cause endosperm failure, thereby acting as a rep-
roductive barrier.
In both models, hybrid incompatibility is a property of
TEs being preferentially activated in the endosperm, with no
focusonTEactivationintheembryo.Onecompellingreason
that TE activation might preferentially occur in the endo-
sperm is the empirical observation that the endosperm is
loaded with RNAs by both parents [13], and gene regulation
intheendospermis,therefore,potentiallyinﬂuencedbyboth
parental genomes. The embryo, in contrast, does not play a
large role in early seed development and is less inﬂuenced
by parental provisioning as most gene expression beyond the
ﬁrst few cell divisions is regulated within the embryo itself
[30].
Both models provide new testable predictions and have
the potential to provide a mechanism for earlier models of
endosperm failure (e.g., the “endosperm balance number”
model;[28]),butthesemodelscurrentlyhavealimitedscope
as general explanations of hybrid failure between species. In
particular, they do not address expectations or predictions
with respect to (a) the expression of hybrid failure at several
other stages of reproductive isolation; (b) the diﬀerential
eﬀects of lineage diﬀerences in TE/small RNA abundance
(“load”)versusTE/smallRNAsequenceidentity;(c)theevo-
lutionary/ecological factors that can inﬂuence TE dynamics,
and therefore the expected accumulation of isolation bet-
ween linages that are diﬀerentially aﬀected by these factors.
Here,weaddressthesediﬀerentfactorsandsomeoftheirim-
plications for the evolution of isolating barriers.4 International Journal of Evolutionary Biology
3.1. Broader Applications: TE-Mediated Hybrid Incompatibil-
ity at Other Isolation Stages. Although current plant models
have focused on seed failure (endosperm breakdown in early
F1 seed), there is reason to believe that inappropriate TE
mobilization could also inﬂuence other isolation stages, in-
cluding F1 male and female sterility. Indeed, the two models
we have discussed are very similar to the piRNA models of
transposon silencing in animals because they assume that
TEsarereactivatedinspeciﬁcaccessorycellstoenhancesmall
RNA-triggered silencing of TEs in germ line cells [20]. The
phenotype observed in Drosophila studies of TE-mediated
“hybrid dysgenesis” is male sterility. Hybrid sterility (in the
form of pollen sterility) has also been observed in crosses
between diploid Arabidopsis species [31], and Martienssen
[13] discusses how the dysgenesis model could also be ap-
plied to pollen sterility in Arabidopsis. In addition to F1 hyb-
rid male sterility, hybrid female sterility is also a potential
consequence of TE-misregulation in a hybrid genome. For
example, in the female gametophyte, proper regulation of
TEs has been associated with restriction of cell fate [19]; if
TEs are not correctly suppressed in the megaspore mother
cell, aberrant phenotypes (including two female gameto-
phytes in a single ovule) can occur, leading to female sterility.
Finally, mutant studies indicate that misregulation of small
RNAs has the potential to prevent proper double fertilization
[32], although this empirical example does not involve TE-
derived small RNAs.
These examples suggest that TE-mediated hybrid incom-
patibilities could occur at a range of stages, from early F1 in-
viability to F1 sterility. Given this, are there consequences for
our understanding of the evolution of hybrid incompati-
bilities? TE-based models suggest a direct mechanistic con-
nection, and therefore nonindependence, between diﬀerent
stages of postzygotic isolation in a single cross. This is incon-
sistent with most current models of the evolution of hybrid
incompatibility, which assume independence among ﬁxa-
tions contributing to diﬀerent stages of isolation [33]. This
independence assumption is reasonable for many loci con-
tributing to species barriers, whose hybrid incompatibility
eﬀects are thought to be incidental by-products of evolutio-
nary divergence at loci from many diﬀerent potential devel-
opmental or reproductive processes [1]. However, the tight
mechanistic connection between regulation of TEs during
diﬀerent developmental stages indicates that this indepen-
dence assumption is likely violated, and therefore that pre-
dictions about hybrid incompatibilities that rely on this as-
sumptionmightnotholdforTE-mediatedhybridincompat-
ibility. For example, under the Dobzhansky-Muller model of
hybrid incompatibilities, the number of reproductive isola-
tion loci is predicted [34] and observed [35, 36] to “snow-
ball”(i.e.,increasefasterthanlinearlywithtime)betweendi-
verging lineages. The snowball prediction emerges from the
condition that each new ﬁxation within a diverging lineage
can potentially interact with every other evolutionary change
that has preceeded it during lineage divergence [33, 34]).
When ﬁxations producing reproductive isolation instead in-
volve interactions between a limited, nonindependent set of
loci, these predictions do not hold (e.g., [37]). We suggest,
then, that TE-mediated incompatibilities might not follow
thepredictionsofsuchmodels.Instead,TE-mediatedincom-
patibilities might behave similarly to other “conﬂict” driven
hybrid incompatibilities [4], where reproductive isolation is
due to interactions between a small subset of loci evolving
according to antagonistic coevolutionary processes (see fur-
ther below).
3.2.DiﬀerentiatingtheContributionofDivergenceinTE/Small
RNA Quantity versus Sequence Identity. Current models of
hybrid failure are coy about the range of mechanisms by
which maternal/paternal “mismatch” in TE regulation can
occur. In the Arabidopsis interspeciﬁc crosses, it is clear that
the abundance of TEs—either TE copy number or size of the
resulting small RNA pool contributed by the paternal and
maternal genomes—could determine the outcome of the
cross, as both are correlated with endosperm failure. In this
case, stoichiometric mismatch is responsible for the inap-
propriate regulation of either gametogenesis or postfertil-
ization development (Figure 2(a)). Alternatively, parental
“mismatch” could be due to sequence divergence between
TEs in diﬀerent lineages, whereby small RNAs generated
from one lineage may fail to recognize or to eﬀectively
interact with target sequences from the alternative lineage,
due to base-pairing mismatches (Figure 2(b)). Although
there is no direct empirical evidence, it has been suggested
that sequence speciﬁcity plays an important role in TE sup-
pression [38, 39] and the proteins that interact with small
RNAs rely on sequence complementarity to target TEs for
methylation and silencing [40]. Given this, transcripts from
one TE copy may not be able to target slightly diﬀerent
TE copies, although currently it is not clear how much
sequence divergence must occur before TE copies can no
longer suppress one another.
Regardless, determining the relative eﬀect of TE abun-
dance (“load”) versus sequence divergence on hybrid incom-
patibilities might be important because, as we argue here,
these two diﬀerent forms of divergence are expected to be
more inﬂuential at diﬀerent stages of reproductive isola-
tion. These expectations can be inferred from the current
mechanistic models of TE suppression at diﬀerent develop-
mental stages in plants. For example, TE silencing during
prefertilization gametogenesis and postfertilization endo-
sperm development both rely on sequence complementarity
b e t w e e ns m a l lR N A sa n dt a r g e ts i t e s[ 38, 39]. However, these
two developmental stages diﬀer in that silencing in the endo-
spermisdependentonparentallyderivedsmallRNAswhere-
as silencing during gametogenesis is regulated by self-gene-
ratedsmallRNAs.Thisdiﬀerencein thesourceof siRNA reg-
ulators creates the potential for diﬀerent kinds of TE diver-
gence to diﬀerentially aﬀect early F1 viability following het-
erospeciﬁcfertilization,versusgametogenesisinanF1hybrid
individual and/or hybrid problems in later generation (e.g.,
F2) individuals.
First, consider the F1 oﬀspring from an interspeciﬁc
(hybrid) cross. In the developing hybrid endosperm, small
RNA sequences from the maternal/paternal genome will not
necessarily match target sites in the other (heterospeciﬁc)
genome, but they will be capable of silencing TEs derived
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Figure 2: The misregulation of TEs due to a mismatch of maternal siRNA and paternal TE copies, consistent with the Martienssen and
Josefsson models of endosperm failure. (a) TE load diﬀerences between parents: the maternal siRNA cannot suppress paternal TE copies due
to excess of paternal TE copies. (b) TE sequence mismatch between parents: the maternal siRNA cannot suppress paternal TE copies due to
diﬀerences in sequences of the TEs.
suppression takes place prior to fertilization, that is, in the
sperm cells within pollen and in the femalegametophyte (see
above). Other regulatory control relies on postfertilization
suppression, where it appears that the primary (but likely
not sole; [16]) determinant of control is maternally loaded
siRNAs.This“asymmetry”incontrolisimportantfortheex-
pression of hybrid problems in the early developing oﬀ-
spring. In particular, if the maternal parent contributes a
quantity of small RNAs suﬃcient to regulate TEs in its own
(diploid) genome, but not in excess to accommodate extra
“unanticipated”copies from the other genome, TE suppres-
sioninthepostfertilizationoﬀspringwillbeincomplete.This
speciﬁcally occurs when a “low load” lineage acts as the
maternal parent in a cross with males from a “high load”
lineage. Large diﬀerences in TE copies among parental geno-
types could also be magniﬁed during the production of small
RNAs, if this is nonlinearly related to TE copy number.
Note that diﬀerences in sequence identity might exac-
erbate these load diﬀerences; when either parent is lacking
copies of a speciﬁc TE, the endosperm might be overwhel-
med with TE activity. Again, the expectation is that this will
be observed when “na¨ ıve” lineages act as the maternal parent
in crosses to males from lineages that contain the novel TE,
but not necessarily in the reciprocal cross. Regardless, it ap-
pears that diﬀerences speciﬁcally in TE load are most likely
to be inﬂuence misregulation of TE suppression in early F16 International Journal of Evolutionary Biology
(e.g., endosperm) development. Note that details of this
prediction rely on the supremacy of maternally loaded siR-
NAs during early oﬀspring development; if paternally load-
ed siRNAs are as important as maternally loaded siRNAs,
some expectations might not hold. For example, in the Mar-
tienssen [13] model, either parental genome can be “over-
whelmed” whereas in the Josefsson et al. [21] model only the
maternal genome has the potential to be overwhelmed.
Second, consider the fertility of F1 oﬀspring from an in-
terspeciﬁc (hybrid) cross. For TEs to cause hybrid sterility,
they must be improperly regulated during gametogenesis in
the hybrid individual. This might occur if the small RNAs
created during gametogenesis cannot fully silence TEs inher-
itedfrombothparents.F1hybridswillhaveallpossibletarget
sites and small RNA-producing loci, so how could incom-
plete suppression occur in F1s? One possible circumstance
is if siRNA-mediated TE suppression is haploinsuﬃcient (ei-
ther due to siRNA production or TE targeting), for example,
if there is a nonlinear relationship between siRNA suppres-
sion eﬃcacy and TE copy number. Note that this is more
likely to be due to diﬀerences in TE sequence identity among
parental lineages; happloinsuﬃciency applies only to those
lociforwhichthe F1is functionallyhaploid(i.e.,locimissing
in one parental lineage). In comparison, diﬀerences in load
may not be important during hybrid gametogenesis because
F1 individuals would have a haploid complement of TE cop-
ies from both parents; thus there are no “unanticipated” TE
copiestobeaccountedfor,unlikeduringendospermTEsup-
pression. Regardless, the expression of F1 sterility due to di-
vergence in TE identity is expected to be “symmetric;” reci-
procal F1s should show the same sterility eﬀects.
Finally, consider the viability and fertility of recombinant
later generation (e.g., F2) hybrids. In addition to the above
eﬀects, in these individuals the potentially independent seg-
regation of TEs and their regulators is important. In animals,
small RNAs used for TE suppression are primarily derived
from TE clusters located in (sometimes distant) heterochro-
matic regions [41]. TEs in these clusters are generally no
longer active and as a result their DNA sequence can change
rapidly. If the hybrid progeny does not inherit these clusters
(even if they have inherited other TE copies), or if sequences
in the clusters no longer match the active copies outside
of the cluster, then they might not generate suﬃcient small
RNAs. If the small RNA cluster model is not appropriate for
plants, variation in the eﬃciency of producing small RNAs
may still exist between TE copies and could inﬂuence the
production of small RNA pools.
Overall, on the basis of these mechanistic models, we
infer that TE “load” (copy number) diﬀerences are likely
more important at early (embryonic) stages of hybrid for-
mation, when parentally (especially maternally) loaded siR-
NAs are critical for TE regulation. In comparison, diﬀerences
in TE identity are likely more important for the expression
of hybrid sterility. In addition, the symmetry of isolation
between reciprocal crosses is expected to diﬀer between
these stages. Given this, depending on the factors that
diﬀerentially aﬀect these modes of TE divergence, diﬀerent
expression of TE-mediated hybrid incompatibility might
be expected under diﬀerent ecological and evolutionary
scenarios.
3.3. Evolutionary Expectations from Predicted TE Dynamics.
Evolutionary models have already been used to describe and
predict TE dynamics within and between populations. Un-
derstanding the forces aﬀecting TE outbreaks, proliferation,
spread, and suppression might therefore help in predicting
conditions under which lineages can diﬀer in TEs, and there-
fore when TEs are most likely be involved in species barriers
between them.
3.3.1. Factors Inﬂuencing Evolutionary Divergence in TE
Abundance and Identity. For TE misregulation to inﬂuence
the expression of hybrid incompatibilities, diverging lineages
must diﬀer in the activity and/or identity of their TEs. What
conditions inﬂuence the accumulation of diﬀerent TE copy
number (load) or novel TE sequences among lineages? TE
dynamics have been examined extensively using population
geneticmodels,especiallytounderstandconditionsthatpro-
duceastabletransposition-selection balance[42].Somemo-
dels have incorporated host responses in the form of alleles
that suppress activity of new TE invaders [43], although we
areawareofonlyonemodelthatspeciﬁcallyincorporatesthe
possibility of sRNA-mediated TE suppression [44]. Drawing
from these models, Blumenstiel [45] has summarized the
four phases of TE invasion in host populations (and the
mechanisms/factors that inﬂuence these four phases): (i) in-
vasion of a new TE (either via mutation of an existing TE, or
via horizontal transmission); (ii) TE proliferation, polymor-
phism, and ﬁxation in the host population (where the rate
and extent of proliferation depends on transposition rates,
selection against the negative eﬀects of TEs in hosts, migra-
tion rates in the host species, and drift); (iii) the origin of
a repressor locus (via a new insertion (mutation) with rep-
ressive eﬀects); (iv) ﬁxation of the repressor allele, and decay
ofthenewTEfamily.ThecompletionofphaseIVcandepend
onthedegreeoflinkagebetweentherepressoranditstargets,
and whether there are other collateral eﬀects of silencing on
host function; under some conditions, the repressor allele is
not expected to ﬁx (see [45], and references therein).
Perhaps unsurprisingly, then, the factors aﬀecting pop-
ulation diﬀerences in the proliferation and/or divergence of
TEs are the standard evolutionary forces of mutation, migra-
tion, drift, and selection. Clearly, however, the relative inﬂu-
ence of these factors could be aﬀected by whether hosts can
respond to new TE outbreaks by ﬁne-tuning existing sRNA
mechanisms of control [45]. For example, the (mutational)
origin of a new suppressor allele becomes less important if
hostshaveapreexistingmechanismforsuppressingthenega-
tive eﬀects of novel TEs they encounter. Preexisting small
RNA pathways might also inﬂuence the strength of selection
against potential deleterious eﬀects of TE proliferation. In-
deed, models indicate that TE insertions that are the target
of RNA-mediated silencing are more likely to drift to higher
frequency (because their deleterious eﬀects are moderated
via this host control) than insertions that are not targets of
RNA-mediated silencing [44].International Journal of Evolutionary Biology 7
Notwithstanding such observations, some factors seem
morepredictablyassociatedwithTEproliferationandspread
regardless of, for example, the mechanism of TE control. In
particular, migration can directly inﬂuence the rate at which
TEs spread between populations. When there is gene ﬂow,
populations with diﬀerent TE copy number can become
homogenized because TEs have the potential to invade “em-
pty” populations. In highly structured populations, however,
the homogenization process is slow; as a result, heteroge-
neous TE copy number distributions (and, presumably, TE
identities) can be maintained over long periods of time when
TE proliferation is diﬀerent between populations [46].
Migration or population subdivision will be inﬂuenced
by life history and demographic characteristics of the host
species.Forexample,onaverage,specieswithactivedispersal
mechanisms are expected (and observed; e.g., [47]) to be less
subdivided than passively dispersing species. The magnitude
of population subdivision can also be strongly inﬂuenced by
themodeofreproduction.Inplants,forexample,selﬁngspe-
cies are more strongly genetically subdivided than mixed
maters or outcrossers (e.g., [47]). The mode of reproduction
also inﬂuences eﬀective population size (i.e., Ne is smaller in
selﬁngspecies)andthereforetherelativeinﬂuenceofdrifton
TEdynamics.Driftcanacttomagnifypopulationdiﬀerences
in TEs by allowing the stochastic accumulation of TE load
[48, 49].
These observations suggest that TE accumulation might
be expected to be greater among selﬁng lineages. However,
some models indicate that the inﬂuence of mating system
on TE copy number is dependent on the speciﬁc mode of
selection acting against TEs [50, 51]: where selection acts on
the deleterious eﬀects of TE insertions, both the probability
that a TE is lost when its initial frequency is low and the
TE copy number increase as self-fertilization increases; when
selection acts on the eﬀects of ectopic recombination bet-
ween TE copies, the exact opposite eﬀects are observed. In-
terestingly, several studies that have compared TE insertion
frequency in selﬁng and outcrossing lineages produce incon-
sistent results as to whether selﬁng lineages have lower or
higher TE copy number [52–55]. Also, there is no clear evi-
dence that TE copy number and self-fertilization rate are
correlated [51]. This might suggest that the most pertinent
factors for TE accumulation and diﬀerentiation are Ne and
migration, parameters that are only imperfectly correlated
with mode of reproduction.
3.3.2. Evolutionary Expectations about the Accumulationof TE
Diﬀerences. Given these complexities, based on the current
models it is diﬃcult to draw many strong generalizations
about the factors that can inﬂuence the origin and spread of
TEs, especially because it remains unclear how selection acts
on TEs [56, 57], including those that are subject to siRNA-
mediated repression [44] (and see below). Further work will
benecessarytoclarifythisinthefuture.Nonetheless,itseems
likely that factors that inﬂuence the frequency with which
newTEoutbreaksoccur(suchaslowNe thatreducestheeﬃ-
ciency with which TEs are suppressed) and the degree to
which individual TE outbreaks are locally “quarantined”
(such as the extent of population subdivision/migration) can
inﬂuence the rates at which TE diﬀerences are able to build
up between lineages. Similarly, factors that inﬂuence the
rates of sequence evolution of TEs should also inﬂuence TE
divergence. For example, antagonistic selection, including
intergenomic conﬂict, has the potential to cause rapid diver-
gence between populations [58]; thus conditions that con-
tribute to the eﬃcacy of antagonistic selection (such as the
ability of parasites to escape from their own deleterious ef-
fects,viahorizontaltransmission)couldalsoelevatetherates
of lineage diﬀerentiation in TEs.
By inﬂuencing the accumulation of TE diﬀerences, such
factors could inﬂuence the relative contribution of TE mis-
regulation to the expression of species barriers among lin-
eages. This is because these factors are not necessarily equally
favorable for the ﬁxation of other (non-TE) genetic diﬀe-
rences that can also contribute to reproductive isolation. For
example, as genomic parasites, TEs are able to “invade” em-
pty populations (even when they have some ﬁtness costs for
their hosts), making quarantine fundamentally important in
controlling TE homogenization. In comparison, complete
population subdivision is not essential for adaptive genetic
diﬀerentiationbetweenpopulations,whichcanbemoredep-
endent upon the strength of local selection against immi-
grants. Similarly, conditions favoring antagonistic coevolu-
tion need not be the same as those favoring other adaptive
ﬁxations. Synergism among such factors might be espe-
cially favorable to TE diﬀerentiation. For example, under a
geographic mosaic model, population subdivision and local
(antagonistic) selection could jointly contribute to diver-
gence in TE load and sequence identity [59, 60], although
this is also true of any other potential isolating factors that
arealsosubjecttoantagonisticcoevolution.Regardless,given
the historical attention to TE dynamics, it is surprisingly dif-
ﬁcult to make strong predictions about factors expected to
promote the accumulation of TEs between species. In future,
perhaps the most clarity will not come from theoretical ap-
proaches, but rather from more taxonomically diverse and
replicated empirical comparisons of TE diﬀerentiation bet-
ween lineages that diﬀer in key biological features.
3.3.3. Possible Targets of Evolutionary Change and Causes of
RI. Even with limited clarity about evolutionary conditions
favoring TE diﬀerences, there are some suggestive evolutio-
nary targets that might be responsible for lineage diﬀeren-
tiation in TE proliferation and control. For example, under
the companion cell model, TEs must move from somatic
cells to the germ cells to ensure they are passed to the next
generation. It is at this stage of development that the inter-
action between TEs, suppressor alleles, and the small RNA
pathway can be subject to strong selection [44] and therefore
potentially rapid lineage divergence. Active TEs can only es-
cape suppression if their sequence is divergent from small
RNA producing loci or, if they produce small RNAs, when
these RNAs do not interact eﬃciently with proteins in small
RNA pathways. If small RNA pathways are under strong
selection to suppress TEs in their genome, antagonistic selec-
tion from TEs trying to escape suppression can cause arms
race dynamics. The piRNA machinery in some Drosophila8 International Journal of Evolutionary Biology
has been shown to be under strong positive selection, imply-
ing a potential arms race (but see [61]), although it has yet
to be shown that selection is acting on TEs to escape sup-
pression [62]. It is known in animals that Argonaut and Piwi
proteins rely on sequence complementarity to direct TE
methylationandsuppression. Iftheseproteins areﬁne-tuned
to target speciﬁc TEs, then they may be less eﬃcient at inter-
acting with small RNAs from novel TEs and therefore at
silencing these TEs.
Other potential targets of selective diﬀerentiation are
host regulators of small RNA pools. For example, a general
step in the small RNA directed TE-silencing pathway is am-
pliﬁcation of small RNAs by an RNA-dependent polymerase.
In Arabidopsis, the main polymerase involved in RNAi acti-
vities, including TE suppression, is Pol-IV [63]. As Pol-IV
is not necessary for survival, selection acting on Pol-IV
might be similar to forces aﬀecting piRNA machinery in ani-
mals, including specialization for the TEs that occur in a spe-
ciﬁc genome; in this case, Pol-IV in hybrids may not be able
toeﬃcientlyprocessnovelsmallRNAs.Interestingly,changes
in these targets might also result in more “standard”
Dobzhansky-Muller type incompatibilities. RNA polymera-
ses typically consist of 12 subunits, and specialization in dif-
ferent lineages might render subunits incompatible with
their counterparts from diﬀerent lineages when brought to-
gether in hybrids. In this scenario, incorrect enzyme assem-
bly might disrupt protein function, similar to the description
of PcG complex dynamics by Ishikawa and Kinoshita [64].
4.FutureEmpiricalApproachesLinkingTE
Misregulationto HybridIncompatibility
To date, models inferring the involvement of TE misregu-
lation in hybrid incompatibility are more suggestive than
deﬁnitive, and unambiguous evidence connecting these phe-
nomena has yet to be shown. Indeed, the speciﬁc molecular
mechanismsbywhichTEderepressionmightcausecelldeath
(and therefore hybrid problems) remains unknown, and
there is currently no published evidence that mechanistically
links inactivation of pathways that regulate TE suppression
with hybrid sterility or lethality. In some cases, there is evi-
dence that TE derepression has no signiﬁcant ﬁtness eﬀect
in hybrids. Chen et al. [27] have demonstrated that RNAi
knockouts for met1 in Arabidopsis suecica do exhibit increa-
sed levels of TE expression but sterility is not observed in
these individuals and the increase of TE expression is not
seen in resynthesized allotetraploids. Similarly, maize lin-
eages appear to have large diﬀerences in TE content and
abundance [65] but crosses among them do not show evi-
dence of deleterious incompatibility phenotypes (e.g., [66]).
Indeed, it is unclear whether mobilization per se should be
predominantly responsible for hybrid incompatibility phe-
notypes; for example, an alternative mechanism is that TEs
indirectly aﬀect incompatibility through the collateral mis-
regulation of genes that have acquired TE regulatory ele-
ments or of genes adjacent to these loci [67]. Ultimately,
these are questions that must be addressed if the aim is to
trulyassesstheevolutionaryimportanceofTE-mediatediso-
lation mechanisms.
Given this lack of empirical data, to demonstrate that TE
misregulation is responsible for hybrid incompatibilities in
any given system, several pieces of empirical evidence will be
essential.First,lineagesmustdiﬀerinTEandsmallRNAload
and/or identity, and in the parental contributions of these to
oﬀspring; if they do not, divergence in TEs clearly cannot be
responsible for hybrid problems. Second, lineage divergence
in TE load or identity must be consistently associated with
the phenotypic expression of postzygotic isolation, such
as, reproductive and developmental problems in hybrids.
Finally, the expression of speciﬁc reproductive isolating bar-
riers must be functionally linked to TE derepression. Fortu-
nately, in combination with classical genetics, several emerg-
ing empirical approaches now make these pieces of evidence
attainable now or in the near future. These data will also be
useful in evaluating some of the expectations we have iden-
tiﬁed above.
4.1. Characterizing Lineage Diﬀerences in TEs and Parental
Contributions of Small RNAs. Traditionally, quantifying gen-
otype diﬀerences in TEs required approaches such as “trans-
posondisplay,”whereselectivePCRproducesaﬁngerprintof
TE insertions for each genotype [68]. This approach can be
used to roughly quantify relative copy number and describe
diﬀerencesbetween hostlineages,fora knownTEfamily[52,
53, 69, 70]. Increasingly, however, whole genome sequencing
isbeingusedtodescribetheentiresuiteofTEswithinagiven
genome [71, 72]. This approach is not limited to known TE
familiesandthereforecan,inprinciple,detectTEswithnovel
sequences in addition to copy number diﬀerences between
diﬀerent genomes.
In addition to describing TE load and sequence diﬀer-
ences between lineages, next generation deep sequencing of
small RNA pools is also now routinely used to quantify tis-
sue-speciﬁc small RNAs and changes in small RNA produc-
tion in mutant lines [73–76]. An understanding of each
parental contribution of both TE copy number (as a measure
of load) and small RNAs would be necessary to examine the
predictions of the Josefsson et. al. [21] and Martienssen [13]
models.Forexample,themainpredictionoftheMartienssen
model is that endosperm failure will occur when maternal
and paternal small RNAs do not match the TE sequences
contributed by the other parent. Similarly, in the Josefsson
et al. [21]m o d e l ,d i ﬀerences in maternal small RNA contri-
butions will determine endosperm development. Deep sequ-
encing of small RNA pools in pollen, female gametophyte,
and endosperm will allow researchers to identify which small
RNAs are contributed by each parent. Small RNAs could be
mapped to genomic or EST sequences to determine the iden-
tityofsmallRNAproducinglociinthematernalandpaternal
genomes [41, 77]. As assembly algorithms improve for short
sequences, small RNAs could be assembled de novo.C o p y
number could be assayed using inverse PCR techniques or
qPCR based on sequences uncovered by deep sequencing.
Nextgenerationsequencing,therefore,providesthetech-
nology necessary for describing lineage and parental diﬀer-
ences in TEs and small RNAs, and for comparing hybrid
small RNA pools to equivalent parental pools. Nonetheless,
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improves, sequencing small RNAs and whole genomes will
become easier but alignment and assembly is still a limiting
step for repetitive elements. In addition, quantiﬁcation of
small RNAs can give an estimate of the total size of the small
RNA pool, but determining the quantity contributed by a
single TE is not yet achievable. Moreover, if the TE family
is young and diﬀerent insertions have identical DNA sequ-
ences, quantifying and identifying small RNAs to a speciﬁc
TE locus is not possible. In plants, it is thought that all TE
copies contribute to small RNAs, but the model emerging in
animals is that clusters of mostly nonactive TEs contribute
to the small RNA pool to target active TEs [41]. These chal-
lenges will need to be tackled by technological and bioinfor-
matic advances in the future.
4.2. Demonstrating the Association between Isolating Barriers
and TE Diﬀerentiation. To date, an association between dif-
ferences in TE/small RNAs and endosperm failure has only
been noted in crosses between A. thaliana and A. arenosa.
However, in these speciﬁc crosses, several potentially con-
tributing factors are diﬃcult to disentangle: these species dif-
fer in TE sequence divergence, TE abundance, and ploidy. To
moredirectlyassociatediﬀerencesinTE/smallRNAswiththe
expression of postzygotic barriers, it would be preferable to
exclude factors, such as ploidy, that might also contribute to
isolation viaeﬀectsunrelatedtoTEdiﬀerences. One such ap-
proach would be to compare the expression of isolating bar-
riers among groups of closely related (homoploid) species
that diﬀered in known TE load and/or sequence identity.
Contrastingthemeanstrength,identity,anddirectionofrep-
roductive isolation between TE divergent lineages with that
betweenTE-similarlineageswouldprovideastatisticalasses-
sment of the potential contribution of TE divergence (and
misregulation)totheexpressionofspeciesbarriersandiden-
tify which isolation stages are diﬀerentially aﬀected. These
associations might also allow a ﬁner resolution analysis as,
dependingonthespeciesgroup,somespeciesmightonlydif-
fer in TE copy number or sequence identity rather than
diﬀering in both. This would permit the eﬀects of TE load
and sequence identity to be evaluated independently. Finally,
this approach would identify speciﬁc taxon pairs for which
crossing evidence associating TE diﬀerences and isolating
barriers is strongest. Such pairs could be targets for further
detailed functional analysis.
A complementary strategy to understand the association
between TE divergence and isolating barriers is to examine
previously identiﬁed incompatibility QTL for the presence
of TEs (or TE regulatory sequences). Fluorescent in situ hyb-
ridization (FISH) could be used to evaluate colocalization of
TEs and incompatibility QTL, but this would rely on existing
libraries of known TEs from the organism (or a closely rela-
ted species) and ap r i o r ihypotheses of the importance of
speciﬁcTEs.PositionalcloningofQTLregions—itselfachal-
lenging empirical goal—could also facilitate examination of
QTL for TE sequences.
4.3. Evaluating Repression of TEs in Hybrids. Finally, to un-
ambiguously link reproductive isolating barriers with TE
misregulation, it will be necessary to functionally connect
speciﬁc developmental or reproductive problems in hybrids
to TE derepression. To achieve this, a combined technique of
methylation proﬁling and qPCR could be used to determine
if TE transcripts (and speciﬁcally those known to diﬀer bet-
ween lineages) are active in the aﬀected tissues. Methylation
proﬁling can be achieved by using methyl-sensitive restric-
tionenzymesonPCRproductsfromDNA,butthisrequiresa
knownTEsequencetodevelopappropriateprimers.Bisulﬁte
sequencing of DNA could provide an alternative approach,
but a genomic DNA sequence is still needed to see which
nucleotides have been converted after bisulﬁte treatment.
In this respect, proﬁling the endosperm appears to be the
most straightforward initial step, as this tissue is relatively
easily accessible via dissection from within the developing
seed. For example, laser microdissection has already been
used to speciﬁcally proﬁle gene expression individually in
the endosperm and embryo [78]; identical techniques could
be used to isolate relevant tissues for siRNA and TE pro-
ﬁling. In comparison, to proﬁle TE misregulation in the pol-
len, individual sperm cells must be dissected from their sur-
rounding tissue, including the adjacent vegetative nucleus
whichisknowntobedemethylated(seeabove).Regardless,it
is clear that established next generation and microdissection
techniques can be used to address the speciﬁc question of
whether divergent TEs are derepressed in developmentally
abnormal hybrid tissues.
5. Conclusions
The idea that some reproductive isolating barriers (and
thereforespeciationprocesses)aretheoutcomeofevolution-
ary conﬂicts has a long history but has been, until recently,
mostlylackingindirectempiricalsupport[4].Onesuchcon-
ﬂict is that between genomic parasites such as TEs and their
hosts. Emerging mechanistic models of TE regulation via
sRNA-mediated pathways provide renewed support for the
hypothesis that TEs might be involved in the expression
o fi n t e r s p e c i ﬁ cr e p r o d u c t i v eb a r r i e r s .H e r e ,w eh a v eo u t -
lined several evolutionary corollaries that emerge from these
mechanistic models, including the likely nonindependence
of reproductive isolation acting at diﬀerent stages, and the
possible inﬂuence of particular demographic and life his-
tory factors on the relative susceptibility of lineages to hybrid
problems based on TE misregulation. Some of these condi-
tions themselves suggest further implications. For example,
our inferences suggest that TE-mediated hybrid problems
might be strongest at early stages of F1 development (e.g.,
during endosperm development) where lineage diﬀerences
in TE load and identity can both contribute to hybrid pro-
blems. In comparison, F1 sterility is likely only inﬂuenced by
diﬀerences in TE identity (see above) and requires additional
conditions that seem restrictive, such as haploinsuﬃciency
of siRNA-mediated TE suppression. (We know of no current
evidence for or against this condition.) Other expectations
about when and where TE misexpression might be most im-
portantaremorechallengingtopredictatpresent.Forexam-
ple, diﬀerentiation of TEs is arguably more contingent on
population subdivision than are some other potential hybrid
incompatibilities; however, more theoretical and empirical10 International Journal of Evolutionary Biology
attention will be necessary to address such questions conclu-
sively.
Drawing from speciﬁc molecular models, in this review
we have focused on mechanisms described in plants. Similar
inferences could be tailored to RNA-mediated TE silencing
mechanisms in animals. Indeed, both plants and animals
appear to have similar small RNA silencing pathways; for
example, while PIWI components have not been found in
plants, divergent RNA polymerases that are responsible for
small RNA ampliﬁcation could replace PIWI proteins [63].
Still, as noted above, the lack of TE transposition in animal
hybrids has created speculation as to whether TEs could play
a role in the evolution of animal hybrid incompatibilities.
Hybrid inviability associated with TE misregulation has not
been observed in Drosophila, although the Drosophila studies
thatdescribe hybrid dysgenesis usedlines fromthe same spe-
cies that diﬀer in the presence of relatively few TEs [6–8].
The involvement of TEs in Drosophila hybrid problems re-
mains, therefore, to be established. We note, however, that
the detection ability of TE-mediated hybrid problems might
be greater in the endosperm because embryos can be “res-
cued” from failed endosperm (via independent culture), but
Drosophilalarvaecannotberescuedfromfailedeggs.Inaddi-
tion, the most detailed studies of hybrid problems in Dro-
sophila (in the melanogaster-simulans group) are all crosses
involving species with small genomes, and relatively few TEs.
(Some Drosophila appear to have large genomes due to TEs,
but these are not the species used to study speciation.) Still, it
is possible thatTEs are more relevantto plants; on the whole,
plant genomes have many TEs, and even closely related spe-
ciescandiﬀersubstantiallyintheirTEcomplement.Asyet,it
remains an open question whether TEs will be a “specialist”
speciation mechanism or can apply broadly across sexually
reproducing organisms.
Finally,wearguethat,inordertomoreconvincinglycon-
nect TE activity with postzygotic isolating barriers, three
pieces of empirical evidence will be essential: lineage diﬀe-
rences in TE load and/or identity; clear associations between
this diﬀerentiation and the expression of hybrid incompat-
ibilities; functional evidence for a mechanistic link between
these two phenomena. These data can be obtained through
current or rapidly emerging approaches in genetics and ge-
nomics. As such, the ﬁeld is now well positioned to evaluate
the connection, if any, between the misregulation of TEs and
the expression of hybrid problems—a long-held, intriguing,
but poorly assessed mechanism of speciation.
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